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This study was performed to test the hypothesis that 
measurements of jet area by Doppler color flow imaging 
can predict the angiographic severity and hemodynamic 
consequences of mitral regurgitation. Doppler color flow 
imaging was performed in 47 patients undergoing cardiac 
catheterization and left ventriculography. The jet area was 
measured as the largest clearly definable flow disturbance 
in the parasternal and apical views, and expressed as the 
maximal jet area, the mean of the largest jet area (average 
jet area) in two views or as the ratio of these measures to left 
atria1 area. 
Correlation of all Doppler color flow measurements with 
angiographic grades of mitral regurgitation were compara- 
ble, maximal jet area being closest at r = 0.76. A maximal 
jet area >8 cm’ predicted severe mitral regurgitation with 
a sensitivity of 82% and specificity of 94%, whereas a 
maximal jet area <4 cm’ predicted mild mitral regurgita- 
tion with a sensitivity and specificity of 85% and 75%, 
respectively. All patients with an average jet area >8 cm’ 
manifested severe mitral regurgitation. However, jet area 
measurements showed limited correlation with regurgitant 
volume and fraction (r = 0.55 and 0.62, respectively) for 
maximal jet area, and were not predictive of hemodynamic 
abnormalities, including those of pulmonary wedge pres- 
sure, stroke volume or ventricular volumes. 
Thus, in patients with mitral regurgitation, maximal jet 
area from Doppler color flow imaging provides a simple 
measurement that predicts angiographic grade, but mani- 
fests a weak correlation with regurgitant volume and does 
not predict hemodynamic dysfunction. 
(J Am Co11 CardiolI989;13:585-90) 
Evaluation of the patient with mitral regurgitation involves 
clinical quantitation of the magnitude of regurgitation, as 
well as assessment of the status of left ventricular function. 
At the present time, a variety of noninvasive techniques 
including echocardiography and radionuclide methods (1,2), 
are available for assessing left ventricular function. How- 
ever, classic quantitation of the magnitude of regurgitation 
has thus far entailed invasive studies and left ventricular 
cineangiography. 
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Doppler color flow imaging permits visualization of the 
disturbed flow jet produced by mitral regurgitation (3,4). 
Accordingly, it has been hoped that the advent of Doppler 
color flow imaging would enable the noninvasive assessment 
of the magnitude of mitral regurgitation. It has also been 
suggested that data obtained from this method might provide 
an independent descriptor of the severity of regurgitation. A 
variety of measurements have recently been derived from 
the disturbed flow jet visualized by Doppler color flow 
imaging, and have been related to the angiographic grade of 
the lesion (.5,6). The optimal approach to the quantitation of 
mitral regurgitant jets, however, remains uncertain. Further- 
more. few data exist regarding the relation of measurements 
derived from regurgitant jets by Doppler color flow imaging 
and invasive hemodynamic indexes (5). Therefore, the 
present study was designed to evaluate alternative methods 
by which to measure mitral regurgitant jets, as well as to 
study the relation of the size of the flow disturbance visual- 
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ized by Doppler color flow imaging to a variety of hemody- 
namic variables. 
Methods 
Study patients. Data were collected from a retrospective 
review of all patients during a 24 month period who under- 
went left and right heart catheterization and two-dimensional 
echo-cardiographic examination with Doppler color flow 
imaging. Forty-seven patients were enrolled in this study, all 
of whom demonstrated mitral regurgitation by both left 
ventriculography and Doppler color flow imaging. The mean 
interval between catheterization and Doppler examination 
was 4.5 days (range 0 to 21), and no patient exhibited a 
change in clinical status between studies. The study group 
consisted of 27 men and 20 women with a mean age of 55.5 
years (range 23 to 82). All patients manifested chronic mitral 
regurgitation. Multiple causes for the valvular disorder were 
present, including: ischemic heart disease (n = 27), rheu- 
matic heart disease (n = 8), cardiomyopathy (n = 4), mitral 
valve prolapse (n = 2) bacterial endocarditis (n = 2) and 
idiopathic origin (n = 4). 
Doppler color flow imaging. All Doppler color flow stud- 
ies were performed in the echocardiography laboratory as 
part of the routine care and evaluation of the patient. A 
standardized echocardiographic and Doppler examination 
was performed utilizing multiple orthogonal parasternal and 
apical views with the patient positioned in the left lateral 
decubitus position. Commercially available instrumentation 
was utilized, and operated with either a 2.5 or 3.5 MHz 
transducer. Standard two-dimensional images of the tissue 
anatomy traversed by the ultrasound beam were depicted in 
black and white. Values for red blood cell velocities were 
superimposed on this two-dimensional image in 16 to 32 
shades of either red or blue, representing flow toward or 
away from the transducer, respectively. Green color was 
added to areas demonstrating variance in the Doppler signal, 
and thereby served as an indicator of turbulent flow. The 
frame rate achievable with the instrumentation was depen- 
dent on the angle of the sector arc, the depth of the targets 
imaged and the number of ultrasonic interrogating bursts per 
scan line. The maximal frame rate possible in this study was 
301s at a depth of 12 cm and a sector arc of 15”, and with use 
of four bursts per scan line. Each examination was per- 
formed with use of the shallowest depth and narrowest 
sector angle capable of encompassing the entire jet area; 
however, optimal imaging required seven to eight bursts per 
scan line for the subjects in this study. The maximal velocity 
that could be accurately recorded without aliasing was 64 
cm/s at a 12 cm depth. Care was taken to utilize for each 
examination an optimal gain setting, which was defined as 
the maximal gain level possible without introducing signals 
outside of flow areas or onto tissue from an adjoining 
chamber. 
Cardiac catheterization. This was performed in all pa- 
tients after mild sedation with 10 mg of oral diazepam. Right 
heart catheterization was performed in 25 patients from the 
brachial or femoral vein with a 7 French Swan-Ganz flotation 
catheter that was used to measure pulmonary artery and 
wedge pressures as well as to obtain cardiac output mea- 
surements by thermodilution technique. A catheter was 
retrogradely positioned in the left ventricle from either the 
right femoral or brachial artery, and was utilized to measure 
left ventricular end-diastolic pressure, as well as to perform 
cineangiography. Biplane (30” right anterior oblique, 60” left 
anterior oblique) left ventriculography was performed with a 
9 inch (22.9 cm) field of view at 60 frames/s while injecting 13 
to 16 cc/kg per s of meglumine diatrazoate (Renografin-76) 
for 3 s. Grids for the correction of magnification were also 
carefully imaged to accurately measure left ventricular vol- 
umes. 
Measurements. All Doppler color flow imaging studies 
were stored on 0.5 inch (1.27 cm) VHS videotape for off-line 
analysis and quantitation. Recordings containing the largest 
regurgitant jets were identified and measured in each orthog- 
onal view by planing the outer border of the largest clearly 
definable flow disturbance using a digitizing pad. The area of 
disturbed flow that was traced included central varianced 
and aliased signals, as well as the immediately contiguous 
nonturbulent velocities that were moving in the same direc- 
tion as the jet. Measurements were taken from three cardiac 
cycles, and the jet area was represented by the mean of the 
three values. Left atria1 area was traced in the same manner 
and, whenever possible, was taken from the same frame as 
the maximal regurgitant jet. However, the entire area of the 
left atrium was not always included in each image when 
narrow sector arcs were used to maximize the frame rate. In 
these cases, a representative frame from the same view was 
analyzed during the same portion of systole based on the 
electrocardiogram. In those instances in which the entire 
border of the left atrium could not be visualized, the missing 
segments were approximated by visual interpretation. All 
Doppler color flow measurements were performed by an 
observer who did not know the results of analysis of the 
hemodynamic and angiographic data. 
Multiple formulations of regurgitant jet area were com- 
pared with the angiographic grade of mitral regurgitation 
and hemodynamic indexes. The primary expression of the 
size of the flow disturbance was the absolute maximal jet 
area in square centimeters. In addition, since previous 
studies by Helmcke et al. (5) had demonstrated an improved 
predictive value for Doppler color flow imaging when the 
regurgitant jet was expressed as a percent of left atria1 area, 
we also determined the ratio of maximal jet area to left atria1 
area, the average area of the largest jets from two different 
views and the ratio of average jet area to left atria1 area. 
Measurements of pulmonary artery, pulmonary wedge 
and left ventricular end-diastolic pressures were performed 
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in the conventional manner from the hard copy paper 
recordings obtained at cardiac catheterization. All ventricu- 
lographic measurements were obtained from a normal sinus 
beat that did not follow an extrasystole. The end-diastolic 
and end-systolic silhouettes of the left ventricle were traced 
from the ventriculogram, and left ventricular volumes were 
calculated with use of the single plane area-length method 
(7,8). Left ventricular ejection fraction and angiographic 
stroke volume were then calculated from the measured 
ventricular volumes. Measurement of regurgitant volume 
was performed only in patients without significant aortic 
regurgitation, and was computed by subtracting the thermo- 
dilution stroke volume from the angiographic stroke volume. 
Regurgitant volume was expressed as the percent of total 
angiographic stroke volume to obtain regurgitant fraction. 
Finally, the cmgiogruphic severity of mitral regurgitation 
was assessed by an observer who did not know the result of 
the ultrasound examination and was classified according to 
previously published criteria (9). Briefly, mild regurgitation 
was graded as contrast medium that cleared with each beat 
and never opacified the left atrium; in moderate regurgitation 
the contrast did not clear with one beat and generally 
opacified the entire left atrium; in severe regurgitation there 
was complete opacification of the left atrium, often in one 
beat, which did not clear, and was equal to or greater than 
opacification of the left ventricle and contrast agent was 
often seen to reflux into the pulmonary veins. 
Statistical analysis. Differences between data obtained in 
individual groups in this study were assessed with use of 
Student’s t test for paired data. For continuously variable 
data, linear regression analysis was performed, whereas for 
incremental data, the Pearson correlation analysis was ap- 
plied. 
Results 
Technically adequate studies were obtained in all 47 
patients, although the quality of ultrasound transmission was 
occasionally superior in one view over another. In general, 
the largest jet areas were obtained with the transducer 
oriented most parallel to the mitral regurgitant jet. Thus, the 
maximal size flow disturbance was recorded in the apical 
view for 32 jets, the long-axis parasternal view in 11 jets and 
the short-axis parasternal view in only 4 jets, Because 
optimal correlations were obtained for measures of maximal 
jet area (either absolute or as a percent of left atria1 area), 
results are described only for these expressions of disturbed 
flow. Previous studies in this laboratory (IO) have verified 
the high intra- and interobserver reproducibility of cross- 
sectional area measurements of mitral regurgitant jets from 
Doppler color flow imaging as performed in this protocol. 
Grade of regurgitation: Doppler color flow versus angiog- 
raphy. A correlation existed between measures of maximal 
jet area by Doppler color flow imaging and angiographic 
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Figure 1. Individual values of maximal jet area for groups with mild 
(l), moderate (2) or severe (3) mitral regurgitation. Maximal jet area 
represents the largest regurgitant jet seen in any one of four 
orthogonal views. A general separation of values for maximal jet 
area is seen at 4 and 8 cm2 in relation to mild and severe angio- 
graphic regurgitation. 
grade of mitral regurgitation (Fig. 1 to 3). Individual values 
of maximal jet area for 20 patients with mild regurgitant 
lesions by angiography ranged from 0.9 to 6.85 cm’, with a 
mean value + SD 2.8 ? 1.5 cm*. Individual jet areas for 16 
patients with moderate mitral regurgitation by angiography 
ranged from 2.5 to 9.2 cm* (mean 5.0 t 2.0), whereas 
maximal jet area for 11 patients with severe mitral patients 
with severe mitral regurgitation ranged from 4.1 to 15.7 cm* 
(mean 10.2 2 3.7). When measures of maximal jet area were 
correlated with angiographic grade of mitral regurgitation by 
the Pearson method, a correlation coefficient of r = 0.76 was 
obtained. 
Although overlap existed in the values for maximal jet 
area among individuals in each of the three grades of 
Figure 2. Values for the ratio of maximal jet area to left atria1 area 
for patients with mild, moderate or severe angiographic mitral 
regurgitation. 
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Figure 3. Values for the ratio of average jet area to left atria1 area 
for patients with mild, moderate or severe angiographic mitral 
regurgitation. 
angiographic regurgitation, visual inspection revealed an 
optimal separation of groups at 4 and 8 cm2. The vast 
majority of patients with a maximal jet area of <4 cm* were 
judged to have grade 1 mitral regurgitation by angiography, 
whereas nearly all patients with a maximal jet area >8 cm* 
exhibited severe mitral regurgitation. Patients with a maxi- 
mal jet area between 4 and 8 cm2 tended to have moderate 
mitral regurgitation by angiography, although these mea- 
sures had little predictive value. With use of these values, a 
maximal jet area <4 cm* predicted mild mitral regurgitation 
by angiography with a sensitivity of 85% and a specificity of 
74%, whereas a maximal jet area >8 cm* predicted severe 
mitral regurgitation with a sensitivity of 82% and a specificity 
of 94% (Table 1). 
Similar analysis was conducted for the size of the flow 
disturbance depicted by Doppler color Jlow imaging ex- 
pressed as the ratio of maximal jet area to left atria1 area 
(Fig. 2). The mean value for the ratio was 20.5% for patients 
with mild mitral regurgitation and 29.4% and 46.4% for 
Table 1. Sensitivity and Specificity Data for Measures of Mitral 
Regurgitation Obtained by Doppler Color Flow Imaging in 
47 Patients 
Sensitivity Specificity 
(%I (%) 
MJA > 8 cm* predicts severe MR 82 94 
MJA < 4 cm* predicts mild MR 85 14 
AJA > 8 cm* predicts severe MR 82 loo 
AJA < 4 cm* predicts mild MR loo 63 
MJA/LAA > 40% predicts severe MR 73 92 
MJA/LAA < 20% predicts mild MR 65 93 
AJA = the average of the maximal jet areas seen in any two of four 
orthogonal views; MJA = maximal jet area (cm*) from any one of four 
orthogonal views; MJA/LAA = maximal jet areaileft atria1 area ratio; MR = 
mitral regurgitation. 
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Figure 4. Results of linear 
maximal jet area compared 
cardiac catheterization. 
regression analysis for measures of 
with regurgitant fraction obtained by 
patients with moderate and severe mitral regurgitation, 
respectively; these data are comparable with those previ- 
ously published by Helmcke et al. (5). However, neither the 
correlation coefficient of r = 0.71 between Doppler color 
flow imaging and angiography nor the sensitivities and 
specificities for the detection of mild and severe mitral 
regurgitation were significantly improved over those ob- 
tained with use of maximal jet area alone (Table 1). Results 
with average jet area/left atria1 area analysis were similar to 
those with maximal jet arealleft atria1 area analysis (Fig. 3). 
Hemodynamic correlations. Linear regression analysis 
was carried out to compare measures of regurgitant jet area 
by Doppler color flow imaging with values for regurgitant 
fraction and regurgitant volume derived from cardiac cathe- 
terization. Only a general correlation existed between abso- 
lute values for maximal jet area by Doppler color flow 
imaging and regurgitant fraction and volume: r = 0.62 and 
r = 0.55, respectively (Fig. 4). Similar analyses were per- 
formed for maximal jet area/left atria1 area and yielded a 
somewhat lower correlation (r = 0.32 for regurgitant fraction 
and r = 0.35 for regurgitant volume), whereas average jet 
area/left atria1 area yielded values of r = 0.25 and 0.28, 
respectively. Thus, no formulation of regurgitant jet size by 
Doppler color flow imaging yielded data that were highly 
predictive of either regurgitant fraction or volume as deter- 
mined by cardiac catheterization. 
To determine whether measures of mitral regurgitant jet 
area by Doppler colorflow imaging provided an independent 
description of hemodynamic indexes, we compared Doppler 
measures with catheterization data in 24 patients with iso- 
lated mitral regurgitation and a left ventricular ejection 
fraction >45%. The size of the flow disturbance expressed as 
maximal jet area and maximal and average jet to atria1 area 
ratios were compared with catheterization measures of pul- 
monary capillary wedge pressure, left ventricular end- 
diastolic pressure, end-diastolic and end-systolic volumes 
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and stroke volume derived by angiography. No strong 
correlations were observed between individual measure- 
ments derived from Doppler color flow imaging and cardiac 
catheterization, and correlation coefficients were less than 
r = 0.50 with the exception of the comparison between 
absolute maximal jet area and pulmonary wedge pressure 
(r = 0.55). 
Discussion 
Quantitation of regurgitation by Doppler color flow imag 
ing. The initial studies (6) that correlated measurements 
from Doppler color flow imaging with those obtained by 
angiography in the quantitation of mitral regurgitation uti- 
lized merely a single measurement of length, namely, the 
distance from mitral valve coaptation to the farthest point of 
the regurgitant jet in the left atrium. Subsequently, Helmcke 
et al. (5) demonstrated a close agreement between the 
cineangiographic grade of regurgitation and the ratio of the 
disturbed flow area (expressed as a mean of at least two 
orthogonal planes) to the left atria1 area. However, this 
approach introduces an additional variable to jet area into 
the assessment of regurgitation (that is, the size of the left 
atrium). In addition, the perimeter of the left atrium often 
cannot be completely visualized by two-dimensional echo- 
cardiography, particularly in the parasternal long-axis view. 
For this reason, we chose to reevaluate the simple measure- 
ment of the maximal area of the jet visualized in any single 
plane. In our study, this measurement proved to be as 
accurate in delineating mild and severe grades of mitral 
regurgitation as was the average jet area obtained from 
several views with or without reference to left atria1 area. 
Because this measurement is intermediate in ease and sim- 
plicity, reproducible (10,ll) and avoids the additional vari- 
able of left atria1 size, we are currently applying it to 
semiquantitate mitral regurgitation in clinical studies in our 
echocardiography laboratory. 
Angiographic quantitation of regurgitation. Our data 
demonstrate that the size of the disturbed flow jet by 
Doppler color flow imaging correlates well with the regurgi- 
tation of contrast material into the left atrium on angiogra- 
phy. However, it must be recognized that angiography itself 
has significant limitations in accurately depicting the volume 
of regurgitant flow. No universally accepted criteria exist for 
the classification of mitral regurgitation by angiography. 
Croft et al. (12) demonstrated that angiographic grading 
often is at variance with the measured regurgitant volume 
index in patients with mitral regurgitation. Indeed, these 
investigators found that no significant difference in regurgi- 
tant volume index existed between patients classified as 
moderately severe and severe when these two grades were 
used in addition to mild and moderate. Therefore, in this 
study, we chose to classify mitral regurgitation into three 
grades according to previously published criteria (9). It is not 
surprising, therefore, that two gross measures of valvular 
regurgitation such as maximal Doppler color flow imaging jet 
area and angiographic grade should be found to correlate 
with one another. 
Prediction of regurgitant fraction and volume. The size of 
the flow disturbance by Doppler color flow imaging in mitral 
regurgitation was limited in predicting either regurgitant 
volume or fraction. Thus, with use of the conventional 
approach to quantify regurgitant volume as the difference 
between systemic stroke volume (obtained by thermodilu- 
tion) and total systemic and regurgitant stroke volume (ob- 
tained by angiography), a correlation coefficient of only r = 
0.55 was obtained. Correlation with regurgitant fraction was 
similar (r = 0.62). Neither maximal jet area to left atria1 area 
ratio nor average jet area to left atria1 area ratio yielded 
superior results. Of significance, the correlation of angio- 
graphic grades of mitral regurgitation with regurgitant vol- 
ume and fraction revealed findings similar to those with 
Doppler color flow imaging (r = 0.53 and 0.56, respectively). 
The measurement of regurgitant volume and fraction is 
imprecise, and both thermodilution and angiography provide 
imperfect measurement of stroke volume. In fact, it has been 
demonstrated (12) that these two methods of quantifying 
stroke volume exhibit a correlation of r = 0.87 even in 
normal subjects. Therefore, imprecision in both techniques 
likely contributes to the discrepancy between jet area mea- 
surements from Doppler color flow imaging and catheteriza- 
tion measures of regurgitant volume and fraction. 
Determinants of regurgitant volume and jet area. The fact 
that measurements derived from the disturbed flow jet are 
not closely related to regurgitant volume in patients with 
mitral regurgitation is not unexpected. The size of the flow 
disturbance in valvular regurgitation has multiple determi- 
nants, of which regurgitant volume is only one. The velocity 
that results from the pressure decrease across the chambers 
is another important variable determining jet size. Prelimi- 
nary studies (13,14) have demonstrated that the size of the 
regurgitant orifice will also determine the area of the regur- 
gitant jet, independent of volume. The size and compliance 
of the retrograde chamber are potential confounding varia- 
bles in relating regurgitant volume to the size and shape of 
the flow disturbance. In addition, a variety of technical 
factors inherent in the performance of Doppler color flow 
imagrng are capable of influencing the size of the regurgitant 
jet, including gain settings, attenuation of ultrasound energy, 
angle of incidence and limitations of the instrumentation to 
record low and high velocities of flow. Although imprecision 
in measurement methods, such as variability in jet size 
throughout the cardiac cycle and inter- and intraobserver 
variability, are additional factors that may influence jet area 
determinations, previous studies in our laboratory (10) have 
demonstrated good reproducibility in jet area measurement 
in mitral regurgitation. In light of these considerations, it 
seems unrealistic to anticipate that any measure of the flow 
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disturbance as depicted by Doppler color flow imaging will 
correlate closely with values of regurgitant volume. It should 
be remembered, however, that left ventricular cineangiogra- 
phy is susceptible to the same limitations as color Doppler 
echocardiography and was similarly limited in the ability to 
predict regurgitant fraction and volume. 
Patients without reduced ejection fraction. In this study, 
we examined the hypothesis that the size of the regurgitant 
jet by Doppler color flow imaging might well be a reflection 
of the hemodynamic burden imposed by the volume over- 
load of mitral regurgitation. Therefore, we compared mea- 
surements of the regurgitant jet derived from Doppler color 
flow imaging with invasive hemodynamic indexes in 24 
patients with isolated mitral regurgitation whose left ventric- 
ular ejection fraction measured >45%. By limiting our 
analysis to this patient subset, we hoped to avoid additional 
variables comparable of influencing hemodynamics that 
might be imposed by additional valvular heart disease or the 
presence of left ventricular dysfunction due to coronary 
artery or primary myocardial disease, or both. Correlation 
with hemodynamic indexes was generally poor for all mea- 
sures of regurgitant jet area. Only pulmonary wedge pres- 
sure, which yielded a correlation coefficient of r = 0.55, 
manifested any meaningful relation to jet area. These data 
seem to indicate that, if Doppler color flow jet area is related 
to the hemodynamic burden imposed by the volume over- 
load of mitral regurgitation, the relation is likely to be weak 
and probably readily offset by additional variables capable of 
influencing hemodynamic function. 
Conclusions. This study began with the hypothesis that 
Doppler color flow imaging would enable the noninvasive 
assessment of the magnitude of mitral regurgitation and, 
when combined with the noninvasive assessment of left 
ventricular function, would permit evaluation of the valvular 
lesion without the necessity for invasive cardiac catheteriza- 
tion. However, the data we obtained indicate that measure- 
ments derived by Doppler color flow imaging are signifi- 
cantly limited in the ability to predict either regurgitant 
volume or fraction or to indicate the likelihood of hemody- 
namic abnormalities. Nevertheless, the simple measurement 
of maximal jet area determined by Doppler color flow 
imaging does correlate with angiographic grades of mitral 
regurgitation and provides a noninvasive method to obtain 
this information. Accordingly, Doppler color how imaging 
measurements of regurgitant jet area can be used to estimate 
the angiographic severity of mitral regurgitation and, cou- 
pled with clinical findings and assessment of left ventricular 
function, may be useful in the serial evaluation of the patient 
with mitral regurgitation. 
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